Introduction: Asian dust events, transport of dust particles from arid and semi-arid areas in China and Mongolia to the east by prevailing westerlies, are often observed in Japan in spring. In recent decades, consumption of fossil fuels has markedly increased in mainland East Asia with rapid economic growth, and severe air pollution has occurred. A part of air pollutants including mutagens, such as polycyclic aromatic hydrocarbons (PAHs), generated in mainland East Asia are thought to be transported to Japan by the prevailing westerlies, like Asian dust, and winter monsoon. The objective of this study was to clarify the long-range transport of mutagens and other air pollutants in East Asia. Thus, we collected total suspended particles (TSP) at a rural town in western Japan, namely, Yurihama in Tottori Prefecture, for 1 year (June 2012-May 2013), and investigated their chemical constituents and mutagenicity. Results: Many TSP collected from January to March showed high mutagenicity toward Salmonella typhimurium YG1024 with and without S9 mix, and high levels of lead (Pb) and sulfate ions (SO 4 2− ), which are indicators of transboundary air pollutions from mainland East Asia, were detected in those TSP. A large amount of iron, which is an indicator of sand, was found in highly mutagenic TSP collected in March, but not in TSP collected in January and February. High levels of PAHs were detected in highly mutagenic TSP collected from January to March. The ratios of the concentration of fluoranthene to those of fluoranthene and pyrene suggested that the main source of PAHs in TSP collected in winter and spring was coal and biomass combustion. Backward trajectories of air masses on days when high levels of mutagenicity were found indicated that these air masses had traveled from eastern or northern China to Yurihama.
Introduction
An Asian dust event is a meteorological phenomenon in which dust particles originating in arid and semi-arid areas in western China and Mongolia, such as the Gobi Desert and the Loess Plateau, are transported to the east by prevailing westerlies [1] . The Japan Meteorological Agency (JMA) has assessed Asian dust events in terms of visibility at 60 meteorological observatories across Japan, and has reported that Asian dust events were mainly observed there in spring (March-May) [2] . Moreover, the Light Detection and Ranging (LIDAR) system has been used to measure Asian dust at 12 sites in Japan [3] . The dust extinction coefficient based on LIDAR measurement can be used to estimate the amount of nonspherical dust particles, such as Asian dust. Ueda et al. [4] determined moderate Asian dust days (0.066/km < dust extinction coefficient ≤ 0.105/km) and heavy Asian dust days (0.105/km < dust extinction coefficient) using LIDAR.
In addition to the prevailing westerlies in spring, a winter monsoon blows from mainland East Asia to Japan in winter (December-February). In China, atmospheric concentrations of fine particulate matter (PM 2.5 , airborne particles with an aerodynamic diameter of less than or equal to 2.5 μm) were reported to be high in winter [5] . Winter heating was identified as a major contributor to the severe pollution, and coal combustion was revealed to be a main source [5] . In 2013, the International Agency for Research on Cancer (IARC) reported that outdoor pollution and particulate matter are carcinogenic to humans (Group 1) [6] . Mutagenic/carcinogenic substances, such as polycyclic aromatic hydrocarbons (PAHs), are formed by the incomplete combustion of organic matter such as fossil fuels [7] and these substances were mainly detected in fine particles [8, 9] . Therefore, long-range transport of anthropogenic air pollutants including mutagens may occur in East Asia by the winter monsoon and the prevailing westerlies in winter and spring, respectively. However, there are few reports on transboundary air pollution with mutagens in East Asia.
The objective of this study was to clarify the longrange transport of mutagens in East Asia; for this, we measured air pollutants at Yurihama in Tottori Prefecture, Japan, from June 2012 to May 2013. Yurihama is a rural town located on the west coast of Japan, where there are no major air pollution sources. In this study, air pollution was frequently examined in winter and spring by quantifying total suspended particles (TSP), iron (Fe), lead (Pb), sulfate ions (SO 4 2− ), nitrate ions (NO 3 − ), polycyclic aromatic hydrocarbons (PAHs), and bacterial mutagenicity. Fe is a main constituent of the earth's crust and is an indicator of the amount of sand in the atmosphere [10] . Pb is a minor constituent of the crust and is emitted into the atmosphere by the combustion of coal, and refuse incineration [11] . Anthropogenic emission of sulfur oxides and nitrogen oxides is caused by the combustion of fossil fuels, such as coal and petroleum. The increases of atmospheric Pb and SO 4 2− in Japan suggest air pollution by the long-range transport from mainland East Asia [12] . PAHs are produced by the imperfect combustion of organic matter, such as fossil fuels and biomass [7] . In this study, ten PAHs classified as priority pollutants by the United States Environmental Protection Agency were analyzed to estimate the amounts of PAHs in TSP. The transport routes of air masses were estimated by backward trajectory analysis. We compared our results with the occurrences of Asian dust events found by observations conducted by JMA and the National Institute for Environmental Studies (NIES) using visibility and LIDAR, respectively. Tottori Prefecture is located in western Japan on the coast of the Japan Sea (Fig. 1) . Yurihama is a small town, with a population of about 17,000 in 2013. The sampling site is located at a distance of 1.4 km from the coast and there were no major air pollution sources in the surrounding area. The particulates were collected on quartz filters at a flow rate of 1000 L/min with a high-volume air sampler (HV1000R, Shibata Scientific Technology, Soka, Japan) [8] . Sampling began at about 9 AM (Japan Standard Time, JST) and was completed at about 9 AM the next day. Sampling was performed for 4 days per month from June to November 2012, and from 13 to 19 days per month from December 2012 to May 2013.
Materials and methods

Reagents
The total number of sampling days was 118 from June 2012 to May 2013. This sampling period was divided into four seasons, namely, summer (June-August), autumn (September-November), winter (December-February), and spring (March-May).
The filters were weighed before and after sampling after being stored at 50 % relative humidity and 20°C. To calculate the atmospheric concentration of TSP, the weight of TSP collected on a filter was divided by the volume of the air that had passed through the filter.
Analysis of metals
Ten percent of each sample filter was cut into small pieces and digested with a mixture of HNO 3 /HCl and then with a mixture of HNO 3 /HF/HClO 4 [13] . The solution was heated to almost dryness and then cooled to room temperature. After filtration with the addition of distilled water, the sample solution was re-heated and finally adjusted with 0.2 M HNO 3 . Fe and Pb were respectively analyzed by inductively coupled plasmaatomic emission spectrometry (IRIS 1000, Thermo Fisher Scientific, Waltham, MA, USA) and Zeeman electro-thermal atomic absorption spectrometry (Analyst 600, PerkinElmer, Waltham, MA, USA) [14] . When the reference urban atmospheric particles (NIST, SRM1648a) were analyzed by this method, the recovery rates of Fe and Pb were 96 and 83 % (each, n = 3), respectively. 
Analysis of water-soluble ionic species
Five percent of each sample filter was cut into small pieces and extracted with distilled water by ultra-sonication. A portion of the extract was filtrated using a syringe filter (DISMIC-25CS, Advantec Co., Ltd., Tokyo, Japan). SO 4 2− and NO 3 − were measured using an ion chromatograph (600E/700, Waters Co., Ltd., Milford, MA, USA) with an anion suppressor (ASRS 300, Thermo Fisher Scientific, Waltham, MA, USA) and an anion-exchange column (AS4A-SC, Thermo Fisher Scientific, Waltham, MA, USA) [15] . The LOQ of SO 4 2− and NO 3 − were as follows: SO 
Analysis of PAHs
Forty percent of each sample filter was cut into small pieces and extracted with methanol by ultra-sonication [8] . After filtration, the extract was evaporated to dryness. Ten PAHs, namely, FR, PY, BaA, CHR, BbF, BkF, BaP, DahA, BghiP, and IcdP, were analyzed by highperformance liquid chromatography using a fluorescence detector (RF-20AXs, Shimadzu Co., Kyoto, Japan). PAHs were separated with a Wakosil-PAHs column (4.6 mm × 250 mm, Wako Pure Chemical Industries, Ltd., Osaka, Japan) and measured with the following excitation (Ex)/ emission (Em) wavelengths: FR and PY, 250 nm/420 nm; Fig. 1 Map of the sampling site and the observation sites of Asian dust event. Yurihama is a sampling site of TSP. Tottori is an observatory site of Asian dust event by JMA [2] . Observation of Asian dust event using LIDAR was performed at Matsue by NIES [3] BaA, CHR, BbF, and BkF, 270 nm/400 nm; BaP, DahA, and BghiP, 296 nm/410 nm; and IcdP, 300 nm/500 nm [8] . 
Mutagenicity assay
Forty percent of each sample filter was cut into small pieces and extracted with methanol by ultra-sonication [8] . After filtration, the extract was evaporated to dryness. The residues dissolved in dimethyl sulfoxide were assayed using Salmonella typhimurium YG1024 in the absence and presence of a mammalian metabolic system, S9 mix [16] . YG1024 was kindly provided by Dr. Nohmi from the National Institute of Health; it is an O-acetyltransferase-overproducing derivative of S. typhimurium TA98 [17] , and is sensitive to the mutagenicity of airborne particles [8, 18] . The S9 mix was prepared with S9 from livers of male Sprague-Dawley rats (SLC Inc., Shizuoka, Japan) treated with phenobarbital and β-naphthoflavone [19] . Positive controls without and with S9 mix were 1-nitropyrene and 2-acetylaminofluorene, respectively. The slope of the dose-response curve obtained with three doses and duplicate plates at each dose was adopted as the mutagenic potency. Samples were judged as positive when they induced twofold increases over the average of spontaneous revertants and showed well-behaved concentration-response patterns.
Statistical analysis
Statistical analysis (Dunnett's test, calculation of correlation coefficients, and others) was performed with Microsoft Office Excel 2013. The differences of the diagnostic ratios of PAHs in TSP collected in summer from that in other seasons were analyzed by non-repeated one-way ANOVA followed by Dunnett's test.
Backward trajectory analysis
Backward trajectories were estimated with the HYSPLIT model provided by the National Oceanic and Atmospheric Administration (NOAA) of the United States of America [20] . The backward trajectories started at 10 PM (JST), and the height was set at 1500 m. Backward trajectory analysis was performed using model vertical velocity, and the trajectory duration was 72 h. (Fig. 1) . LIDAR measurement was performed at Matsue, which is 73 km away from the sampling site (Fig. 1) . On sampling days when dust extinction coefficients were higher than 0.066/km, Asian dust events were considered to have been detected [4] , and high dust extinction coefficients (>0.066/km) were found on March 7, 8, 9, and 19, April 30, and May 30, 2013. As shown in Fig. 2 , the concentrations of TSP and Fe were remarkably high on March 8 and 9, and high levels of particles and Fe, namely, close to or The intervals for collecting TSP were as follows: summer (Jun. 
Results
Concentrations of TSP and chemical constituents
-
Mutagenicity of TSP
The mean value and standard deviation of the mutagenicity of organic extracts of TSP collected at Yurihama in each season are shown in Table 1 
Correlations between mutagenicity and concentrations of TSP and their constituents
As shown in Table 1 and Fig. 3 , potent mutagenicity was found for samples collected in winter and spring. To analyze the association between the potent mutagenicity and other factors, we carried out statistical analyses for samples collected in winter and spring. Table 2 shows As shown in Figs. 2 and 3 , high levels of contaminants and mutagenicity were found for samples collected in March. Therefore, we carried out statistical analyses for samples collected in March. As shown in Table 3 , the concentrations of TSP and Fe were very strongly correlated with that of Pb and SO 4 2− , with correlation coefficients greater than 0.9. The concentration of Pb was strongly correlated with the concentrations of other combustion products, namely, SO 4 2− , NO 3 − , and PAHs. In addition, the mutagenicity of TSP showed strong positive association with the concentrations of Pb, NO 3 − , and total PAHs without and with S9 mix.
Ratio of concentration of FR to that of FR and PY ([FR]/ ([FR] + [PY]))
To estimate the source of PAHs, the ratio of the concentration of FR to that of FR and PY ( Figure 5 shows backward trajectories of the air masses on days when high levels of mutagenicity were found, namely, the mutagenic activities were close to or higher than the 90th percentile of the whole sample (Fig. 3) . Trajectories from Yurihama on January 29 and March 4 and 8 indicate that air masses had traveled from eastern China. On the other hand, air masses that arrived on January 16 and 30, February 12 and 21, and March 19 were considered to have come from northern China, where the Gobi Desert is located. The backward trajectories of the air masses on February 28 and March 5, when high levels of mutagenicity were found (Fig. 3) , were similar to those on January 30 and March 19, and air masses were speculated to have moved from northern China (data not shown). Similarly, the backward trajectories of air masses on March 7 and 9, when high values were found for most of the indicators of air pollution analyzed in this study, resembled that on March 8 (data not shown). 
Backward trajectory analysis
Discussion
To clarify the effect of the long-range transport of air pollutants from mainland East Asia on the air in western Japan, we collected TSP at Yurihama for 1 year from June 2012 to May 2013, and quantified their chemical constituents and genotoxicity. Yurihama is located in western Japan on the coast of the Japan Sea, and there were no major air pollution sources in the surrounding area. In this study, we analyzed the inorganic and organic substances and mutagenicity. It is well-known that PAHs are generated by imperfect combustion of organic matter, such as fossil fuels [7] , and many PAHs show mutagenicity toward S. typhimurium YG1024 with S9 mix [21] . High mutagenicity was found for many TSP collected at Yurihama from January to March without and with S9 mix, and the activity level was comparable Backward trajectories of air masses from Yurihama. Backward trajectories of air masses for 72 h were calculated using the HYSPLIT model provided by the NOAA of the USA [22] to those found in medium-sized cities in Japan, such as Sasebo city [8] . The mutagenic activity of TSP was moderately or strongly correlated with the atmospheric concentration of total PAHs and other combustion products, such as NO 3
−
, both without and with S9 mix (Table 2) . Because PAHs are formed by the combustion of organic matter, dominant mutagens in the TSP may be combustion products, and a part of the mutagenicity of TSP with S9 mix may be attributable to PAHs.
In January 2013, a long-lasting episode of severe haze occurred in northern, central, southern, and eastern China [22, 23] . Wang et al. [22] reported that the two most severe episodes occurred during January 9-15 and 25-31 in the Beijing-Tianjin-Hebei area, and monthly averaged daily concentrations of fine particulate matter (PM 2.5 ) were very high. Mutagenicity and mutagens, such as PAHs, were mainly detected in fine particles [8] .
In the present study, many of the highly mutagenic samples, which were close to or higher than the 90th percentile of the whole sample, were collected at Yurihama in January and February, such as January 29 and 30, and February 21, and high levels of total PAHs were found on those days (Fig. 2) . The atmospheric concentrations of Pb and SO 4 2− were also high, but those of TSP and Fe were moderate (Fig. 2) . As shown in Fig. 5 , the backward trajectories suggest that air masses that arrived on those days had come from northern or eastern China. These results suggest that mutagenic substances were transported from mainland East Asia without a large amount of soil, namely, Asian dust, in January and February.
On the other hand, high levels of TSP and chemical constituents (Fe, Pb, SO 4 2− , NO 3 − , and PAHs) were found in March, such as on March 4, 7, 8, 9 , and 19 ( Fig. 2) . High mutagenicity was found for TSP collected on those days. Backward trajectories of air masses on those days indicated that the air masses had traveled from mainland East Asia (Fig. 5) . High correlation coefficients were found between the concentration of TSP and those of the chemical constituents and mutagenic activity without and with S9 mix (Table 3) . JMA registered Asian dust events on March 8, 9, and 19 [2] , and average dust extension coefficients higher than 0.066/km, which indicates the occurrence of an Asian dust event [4] ) ratios in Shanghai in autumn, winter, and spring. They revealed that the ratio in autumn was smaller than 0.5 and those in winter and spring were greater than 0.5; they concluded that wood and biomass burning was the largest source of PAHs contamination in the city. As shown in Fig. 4 
, the mean values of [FR]/([FR] + [PY]
) ratio for TSP collected at Yurihama in winter and spring were greater than 0.5 and both of them were significantly larger than that in summer. These results suggest that high levels of PAHs detected at Yurihama from January to March may be largely affected by coal and biomass combustion, like the atmosphere in northern and eastern China, and PAHs were transported from mainland East Asia.
Conclusion
Many TSP collected at Yurihama, a rural town in western Japan, from January to March showed high mutagenicity toward Salmonella typhimurium YG1024 without and with S9 mix. High levels of Pb and SO 4 2− , which are indicators of transboundary air pollutions from mainland East Asia, were detected in the TSP. High levels of iron, which is an indicator of sand, was found in the highly mutagenic TSP collected in March, but not in TSP collected in January and February. High levels of PAHs were detected in the highly mutagenic TSP collected from January to March. The ratio of [FR]/([FR] + [PY]) in the TSP collected in winter and spring suggested that main source of the PAHs was coal and biomass combustion, and that was reported to be major source of air pollutants in northern and eastern China. Backward trajectories of air masses on days when high levels of mutagenicity were found indicated that these air masses had traveled from northern or eastern China to Yurihama. These results suggest that high levels of mutagens were transported from mainland East Asia to western Japan, and this transportation accompanied Asian dust in March, but not in January and February.
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